This paper elucidates parts of the mystery behind the interfacial and colloidal stability of the novel bubble system of bulk nanobubbles. Stable bulk nanobubble suspensions have been generated in pure water using hydrodynamic cavitation in a high-pressure microfluidic device. The effects of pH adjustment, addition of different types of surfactant molecules and salts on the nanobubble suspensions have been studied. Results show that nanobubble interfaces in pure water are negatively charged, suggesting the formation of an electric double layer around the nanobubbles. It is presumed that the external electrostatic pressure created by the charged nanobubble interface, balances the internal Laplace pressure; therefore, no net diffusion of gas occurs at equilibrium and the nanobubbles are stable. Such stability increases with increasing alkalinity of the suspending medium. The addition of mono-and multi-valent salts leads to the screening of the electric double layer, hence, destabilizing the nanobubbles. Different surfactant molecules (non-ionic, anionic, cationic) affect the stability of bulk nanobubbles in different ways. Calculations based on the DLVO theory predict a stable colloidal system for bulk nanobubbles in pure water and this could be a further reason for their observed longevity. All in all, in pure water, the long-term stability of bulk nanobubbles seems to be caused by a combination of ion-stabilisation of their interface against dissolution and colloidal stability of the suspension.
Introduction
Bulk nanobubbles are a novel type of nanoscale bubble system. They have a typical mean spherical diameter of 100-200 nanometres and they exist in bulk liquid. 1 The most peculiar characteristic of these bulk nanobubbles is their extraordinary longevity. Whilst the lifetime of macrobubbles (41 mm) is on the order of minutes and that of microbubbles (1-1000 microns) is on the order of seconds, nanobubbles have been reported to last for weeks and months. 1, 2 The Young-Laplace equation, however, predicts a huge inner gas pressure (e.g., around 30 atm inside a typical 100 nm nanobubble in pure water) and, consequently, bubble dynamics theory of predicts that they would dissolve extremely quickly on a timescale of about 1-100 ms. The existence of bulk nanobubbles has been reported in recent years by a number of academic researchers, 1,2 but due to their unusual behaviour there is still some scepticism around the subject and their existence is not widely accepted.
Though bulk nanobubbles are a relatively new field, because of their unusual longevity they are already attracting a lot of industrial attention and many potential applications have been proposed. Thus, there is immense scope for nanobubbles to impact and even revolutionise many current industrial processes such as wastewater treatment, 4 surface cleaning, 5-7 froth flotation, [8] [9] [10] [11] [12] nanobubbles as ultrasound contrast agent, [13] [14] [15] [16] [17] [18] [19] therapeutic drug delivery, 17, 19, 20 drag reduction, 21 sterilisation of bacteria, 22 enhanced germination rate of seeds, 23 promotion of physiological activity of living organisms, 24 improved blood oxygenation, 25 and improved engine performance using hydrogen nanobubbles. 26, 27 To fully exploit these potential benefits, however, a thorough understanding of the formation, stability and dynamic behaviour of bulk nanobubbles is needed. From a scientific point of view, the mystery behind the longevity of bulk nanobubbles has led to many different speculations as to the reasons for this phenomenon. Some workers have considered them as preserved heterogeneities similar to imperfections in a crystalline structure. 28 Some investigators reported that bulk nanobubbles can be removed by degassing or repeated filtering and restored by subsequent gas sparging, thus, suggesting that the nucleation centres are preserved. 29 Others have suggested that interfacial composition and structure are behind nanobubble stability, with some suggesting that the surface of nanobubbles contains hard hydrogen bonds which may reduce gas diffusivity. 2 It has also been speculated that nanobubbles are stable because of 'universal' contamination, i.e. each nanobubble is protected by a shell of insoluble contaminant (organic or surfactant molecules) which reduces the interfacial tension, and hence the inner Laplace pressure, and provides stability against dissolution. 30 Some authors have reported the existence of bulk nanobubbles in aqueous organic solvent mixtures. 31, 32 The idea of 'universal' contamination is not plausible, however, because: (i) if it were true, then nanobubbles would exist in normal tap water or even distilled water, but routine analysis tests show that they do not normally exist; however, with external energy input they can be generated even in ultrapure water; and (ii) thermal fluctuations are expected to erode the contaminant shell and lead to nanobubble dissolution over a timescale much shorter than the observed lifetime of bulk nanobubbles. Bunkin et al. [33] [34] [35] speculated the existence of an external electrostatic pressure due to the adsorption of ions at the interface which balances the Laplace pressure. On the other hand, Weijs et al. 1 suggested, based on molecular dynamics simulations, the idea that diffusive shielding stabilises bulk nanobubble clusters, i.e. in a cluster bulk nanobubbles protect each other from diffusion by a shielding effect. More recently, a dynamic equilibrium model 36 suggested that bulk nanobubbles could be partly covered by hydrophobic material and there is continuous inflow and outflow of gas to maintain the size of nanobubbles constant. Based on the assumptions that the total change in entropy and energy is zero at equilibrium state, they showed numerically that nanobubbles are stable when the surface coverage fraction lies within 0.5-1. However, this is an old model which was previously proposed for surface nanobubbles but which had been criticised as it seems to violate the second law of thermodynamics. 37 Amongst other suggestions is that the nano-entities observed are not bubbles but could be supramolecular structures, 38 solid nanoparticles or nanodroplets. This is a key question which needs to be resolved. Ohgaki et al. 2 observed that the density of water reduces significantly when such nano-entities are present, thus, suggesting they must be bubbles. In addition, their observation of hollow hemispherical structures via scanning electron microscopy based on a free-fracture replica technique also indicated the existence of cavities. Bunkin et al. 35 used a modulation interference microscope to examine gas-filled nanobubbles on the basis of their refractive index (n = 1.26) and reported stable nanobubbles of size 250-750 nm; in contrast, silica nanoparticles had a refractive index of n = 1.46. Tuziuti et al. 39 found that the mean bubble diameter increases and the bubble number density decreases after compression of a nanobubble suspension generated by hydrodynamic cavitation, similar to the cavitation process generated in our microfluidic device. Similarly, Leroy and Norisuye 40 utilized measurements of the acoustic velocity and attenuation of sound in water to distinguish between bulk nanobubbles and solid nanoparticles. In a nanobubble suspension the velocity of sound reaches a peak value at a certain sound frequency, but there is no such response to the applied ultrasound field in a solid nanoparticle suspension. This is due to the fact that a more compressible material like bubbles is always more sensitive to an acoustic field howsoever small the quantity of the material is. However, reports are sparse, often conflicting and have not been independently validated. There is no universally accepted theory that explains the existence and stability of bulk nanobubbles. To fully exploit the potential benefits of bulk nanobubbles, our understanding of the fundamental rules governing their existence and their unusual behaviour needs to be substantially improved, and to this end a combination of experimental and theoretical studies is required. Apart from the theoretical challenges, there are a number of experimental challenges including developing efficient techniques for the generation of bulk nanobubble suspensions with meaningful gas fractions as well as their characterization, including the ability to easily distinguish between nanobubbles and solid nanoparticles.
In this paper, we study the generation of bulk nanobubbles in pure water using a high-pressure microfluidic device. We also study the effects of pH adjustment as well as the addition of different types of surfactants and salts on the nanobubble suspensions and their stability. Finally, using our experimental measurements, we provide a description of the colloidal stability of the nanobubble suspensions based on the DLVO theory.
Experimental section

Materials
Sodium chloride (NaCl, 99.5% Bioextra), sodium dodecyl sulphate (SDS, AR 499%), cetyl trimethylammonium bromide (CTAB, 99% Bioextra), Tween s 20, calcium iodide (CaI 2 , 99%), aluminium chloride (AlCl 3 , 99.9%) and buffer solutions (pH = 4, 7 and 10) were purchased from Sigma Aldrich. Sodium hydroxide (NaOH, 98%) and hydrochloric acid (37% HCl AR grade) were purchased from VMR Chemicals (UK). All stock solutions and nanobubble samples were prepared using purified water (from here on referred to as pure water) from an Aquatron water still A4000D. Pure water had an electrical conductivity of 1.7 mS cm À1 and a pH of 6.5. Stock solutions of SDS were prepared by dissolving SDS in pure water using a magnetic stirrer at 25 1C in order to achieve complete dissolution. Stock solutions of CTAB and Tween 20 were prepared by gentle stirring for 12 hours at room temperature using a magnetic stirrer. Similarly, stock solutions of NaOH, HCl, NaCl, CaI 2 , and AlCl 3 were prepared by gentle stirring for 30 min. All stock solutions were filtered by a 0.45 mm Millipore filter (Merck Millipore limited, UK). Prior to experimentation, purified water and all stock solutions were initially examined for any nanoscale impurities using a NanoSight instrument (used for characterising the nanobubble size distributions, as described further below), and no significant amount of nanoscale entities were observed. Extra precaution was adopted in cleaning and handling of the experimental setup. The microfluidics cell used to generate the bulk nanobubbles was cleaned thoroughly several times using AR grade propanol, purified nitrogen and purified water. To avoid contamination, disposable glass vials and rubber and silicon-free syringes were used. 41 
Generation of bulk nanobubbles
Bulk nanobubbles were generated using a high-pressure Y-type microfluidic cell (Microfluidics Corporation, M-110S, USA).
A schematic diagram of the experimental setup is shown in Fig. 1 . Non-degassed pure water is pumped using an airpowered intensifier pump from the inlet reservoir through the microfluidic interaction chamber where air-filled nanobubbles are generated. The nanobubble suspension then passes through a spiral-coil cooling heat exchanger to reduce its temperature before being collected at the outlet. The operating pressure and volumetric flowrate used were varied, respectively, within the ranges 300-1500 bar and 150-300 mL min À1 . The width of the microchannel (see Fig. 1 ) was 75 mm, giving an operating mean velocity in the microchannel in the range 440-880 m s À1 .
Hydrodynamic cavitation occurs inside the microfluidic interaction chamber when water passes through the sudden expansion, which leads to the nucleation of bulk nanobubbles. According to Bernoulli's principle of mechanical energy conservation, an increase in the velocity of a liquid stream due to a reduction in the area of flow leads to a decrease in liquid static pressure. If the local pressure falls below the vapour pressure of the liquid, the liquid cavitates and tiny bubbles form. Two categories of bubbles are produced: microbubbles which form a visible cloud and are inherently unstable, and bulk nanobubbles which exhibit long-term stability. It is not clear a priori if the nanobubbles result from the microbubbles as they collapse or whether they form directly during the cavitation process, or both.
Cavitation is most likely to occur at the vena contracta where the liquid velocity is highest and the pressure is lowest. A first order measure of cavitation is determined from the dimensionless cavitation number defined as:
where p a is the absolute pressure at the point of interest, and p v is the vapour pressure of water at the prevailing temperature (e.g. 3.16 kPa at 25 1C), r is the liquid density, and V is the undisturbed upstream mean fluid velocity. In this work, Ca was within the range 9.93 Â 10 À4 -2.48 Â 10 À4 which is far below the incipient cavitation number (Ca i E 0.284) for microchannel flow; thus, intense cavitation is expected in these experiments. 43 2.3 Characterisation of bulk nanobubble suspensions 2.3.1 Bubble size distribution. Bubble size distribution was characterised using a NanoSight LM10 instrument (Malvern Instruments, UK). The NanoSight technique called nanoparticle tracking analysis (NTA) is a non-invasive technique and is schematically illustrated in Fig. 2(a) . It utilises the properties of both light scattering and Brownian motion in order to obtain particle size distributions of samples in liquid suspension. A laser beam is passed through a prism-edged glass flat (optical flat) within the sample chamber. The angle of incidence and refractive index of the glass flat is designed to be such that when the laser reaches the interface between the glass and the liquid sample layer above it, the beam refracts to an intense low profile resulting in a compressed beam with a reduced profile and a high-power density. Particles in the path of this beam, scatter light in such a manner that they can be easily visualised via a long working distance (Â20 magnification) microscope objective fitted to an otherwise conventional optical microscope onto which is mounted a CCD, EMCCD (Electron Multiplied Charged Coupled Device) or high-sensitivity CMOS camera, operating at 30 frames per second which captures a video file of particles moving under Brownian motion. The particles or nanobubbles are, thus, indirectly tracked and their Brownian motion analysed in real time. A typical micrograph of nanobubbles is presented in Fig. 2(b) . Results are obtained in terms of bubble size distribution, mean bubble diameter and bubble number density using several thousand image frames. Brownian motion occurs in three dimensions but the NTA instrument observes motion only in two dimensions. The two-dimensional tracking of nanobubbles can be utilized to calculate the diffusion coefficient of the nanobubbles using the well-known Einstein-Stokes equation, as follows:
where ðx; yÞ 2 is the mean square displacement of a nanoparticle in two-dimensions measured in time t. The parameters D t , k B , T, m and d are, respectively, diffusion coefficient, Boltzmann constant, temperature, viscosity and diameter of the particle. Due to the fact that the NTA technique can simultaneously analyse a population of nanoparticles on an individual basis, it is ideally suited for the real-time analysis of polydisperse systems ranging from 10 to 2000 nm in size and 10 7 to 10 9 particles mL À1 in particle number density. 45 Prior to the analysis of the nanobubble samples, standard suspensions of solid latex nanospheres were used to verify the accuracy and precision of the NTA system and to adjust the instrument settings accordingly. 2.3.2 Zeta potential and pH. The zeta potential of the nanobubbles was measured using a ZEN5600 ZetaSizer Nano ZSP instrument (Malvern instruments). A pH meter (Mittler Toledo) was calibrated using standard buffer solutions and used for pH measurements. The pH of the nanobubble samples was adjusted by drop wise addition of NaOH and HCl.
Results and discussion
Characterisation of bulk nanobubble suspensions
The effects of operating pump pressure, measured at the inlet to the interaction chamber (see Fig. 1 ), on the bubble size distribution are depicted in Fig. 3 . The shape of the bubble size distribution is more or less unaffected and the mean bubble diameter remains constant at B130 nm, but the bubble number density increases considerably with the operating pressure, as shown in Fig. 4 . A higher inlet fluid pressure leads to an increase in the fluid velocity head in the microchannel which reduces the cavitation number (see eqn (1)) and, hence, enhances cavitation resulting in more nanobubbles. The zeta potential of the nanobubbles was about À28 mV and was not affected by changes in the operating pressure. 
Existence of bulk nanobubbles
We recently reported multiple evidence that the long-term stable (up to a year) nano-entities in suspension generated in pure water via an acoustic cavitation technique were gas-filled bulk nanobubbles because: (i) they disappear after freezing and thawing of the suspension; (ii) when left undisturbed, they gradually disappear as indicated by the reduction in their count monitored over long periods of time; and (iii) their nucleation rate depends strongly on the amount of air dissolved in water. 46 Here, given the high operating pressures involved, speculation might also arise as to whether such nanobubbles might actually be solid nanoparticles that could have detached from the solid surfaces of the microfluidic circuit or even nanodroplets that might have been caused by accidental contamination. Based on the NTA measurements, nanoparticles, nanodroplets and nanobubbles cannot be differentiated, however. We verify, therefore, that the nano-entities generated in the microfluidic device are bulk nanobubbles by conducting freeze-thaw experiments on the suspensions and by monitoring their long-term stability, as described in our recent paper. 46 3.2.1 Freeze-thaw experiments. Samples of the nanobubble suspensions were kept in a freezer for 24 hours at a temperature of À18 1C. They were then withdrawn, allowed to thaw at room temperature for 6 hours, thoroughly mixed and then analysed by NTA, as shown in Fig. 4 . The bubble number density in the samples reduces dramatically after thawing, with only a small amount of residue (B5% maximum at the highest pressure) being detected by NTA. The vast majority of nano-entities which disappeared, therefore, must be gas-filled bubbles and cannot be solid nanoparticles or nanodroplets. Solid nanoparticles and nanodroplets would not disappear when subjected to a freezethaw experiment. In fact, the possibility of forming nanodroplets during the hydrodynamic cavitation process occurring in the microfluidic device, can be ruled out as there was no oil phase present. As described in Section 2.1, the experiments were performed using pure water which was shown prior to experimentation to contain no significant levels of contamination, and taking extra precaution in the cleaning and handling of the experimental setup.
3.2.2 Long-term stability. The most peculiar characteristic of bulk nanobubbles is their extraordinary longevity, they have been reported to last for weeks and months. 2, 24, 46, 47 In this study, we monitored the long-term stability of the nanobubble suspensions by observing the evolution of their mean bubble diameter, bubble size distribution, bubble number density and zeta potential over long periods of time. In all cases, the bubble size distribution retained its shape even though the peak (i.e. the mode) gradually reduced over time. The bubble number density showed an exponential decay in the number of nanobubbles but a considerable population still survived after a period of three months. The mean bubble diameter and the zeta potential remained approximately constant over time. These results are entirely consistent with the findings we recently reported using an acoustic cavitation technique. 46 As the observed nano-entities gradually disappear over time, this implies they must be gas-filled nanobubbles. The fact the mean bubble size remains constant over time suggests the absence of significant effects from bubble coalescence, bubble breakage or Ostwald ripening.
Effects of pH
Nanobubble suspensions were initially generated in pure water having a pH of 6.5. The effects of modifying the pH of the suspension on the stability of bulk nanobubbles are presented in Fig. 5 , in terms of bubble size distribution, bubble number density, mean diameter and zeta potential. Referring to Fig. 5(a) , above pH 4, the bubble size distribution is more or less unaffected. Below pH 4, the peak (i.e. the mode) of the bubble size distribution reduces sharply. This is reflected in a steep fall in the bubble number density as the pH is reduced from 4 to 3, as shown in Fig. 5(b) . The mean bubble diameter (Fig. 5(c) ), however, increases significantly as the pH falls below 4.
The negative zeta potential of the suspension, as shown in Fig. 5(d) , reduces in magnitude with decreasing pH and becomes positive below the isoelectric point which occurs between pH 3 and pH 3.5. The overall trend can be explained by the concept of bubbstons which are microbubbles that carry a surface charge and form the basis of ion-stabilised model suggested by Bunkin et al. 48 for microbubbles in aqueous solutions of electrolytes. By analogy, therefore, the nanobubble interfaces having a surface potential of about À28 mV in pure water of pH 6.5, are negatively charged (Fig. 5(d) ). Thus, an electric double layer should form around the nanobubbles, akin to that observed around solid nanoparticles. According to the ion-stabilised model, the external electrostatic pressure arising from the charged nanobubble interface is assumed to counterbalance the internal Laplace pressure and, therefore, no net diffusion of gas occurs at equilibrium. Adopting the ion-stabilised model for microbubbles, 48 the electrostatic pressure (P e ) in the vicinity of a charged nanobubble can be written as follows, as derived in Appendix A:
where e is the permittivity of the suspending medium and s is the surface charge density. The pressure (P L ) inside the 
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bubble is given by the well-known Young-Laplace equation (recently reported to be applicable at nanoscale 49 ) as:
where g is the surface tension and R is the nanobubble radius. At equilibrium, P e = P L , hence, yielding the radius of the nanobubble as:
The surface charge density is related to the surface potential (c 0 ) via the Grahame equation, thus:
where, s, k B , T, e, e 0 , c N , z, e and c 0 are respectively surface charge density, Boltzmann constant, temperature, permittivity of dispersed medium, permittivity of vacuum, concentration of co-ions in the bulk, slat valence, elementary charge and surface potential. It is evident from eqn (5) that a reduction in surface charge density, caused by a reduction in surface potential (eqn (6)), will lead to an increase in the size of the nanobubble in order to maintain equilibrium between the inner Laplace pressure and the outer electrostatic pressure. This probably explains why at low pH values the mean nanobubble diameter increases, as observed in Fig. 5(c) . Furthermore, at low pH values, the surface potential reduces and, consequently, the electrostatic pressure becomes weaker, leading to gas dissolution and disappearance of the nanobubbles, which explains the sharp drop in bubble number density (Fig. 5(b) ). These results show that bulk nanobubbles enjoy much higher stability in alkaline solutions compared to acidic solutions. The physical interpretation afforded by the ion-stabilized model appears to be consistent with the experimental findings of this work. Furthermore, we use the above adopted theoretical analysis below to explain the effects of added salts on the stability of bulk nanobubbles.
Effects of addition of surfactant
For many industrial applications, the adequate adsorption of functional groups is desirable. The adsorption of surfactants and polymer molecules on the surface of nanoparticles has been extensively studied owing to its direct impact on the colloidal behaviour of such suspensions. 50 The interaction arising from the adsorbed layer of surfactant molecules hinders coalescence. Here, we examine the effects of the addition of different types of surfactant (anionic, non-ionic and cationic) on nanobubble suspensions including the bubble size distribution, mean diameter, bubble number density and zeta potential. When a non-ionic surfactant (Tween 20) was added to a bulk nanobubble suspension at varying concentrations from 0 to 5 cmc (critical micelle concentration), as shown in Fig. 6 , there were no significant effects on the bubble size distribution, bubble number density, mean bubble diameter or zeta potential. The results of adding sodium dodecyl sulphate (SDS, anionic surfactant) to a bulk nanobubble suspension are depicted in Fig. 7 . Clearly, whilst there are no significant effects on the bubble size distribution, mean bubble size or bubble number density, the addition of a small amount of SDS (0.1 cmc, equivalent to 0.82 mM) leads to a large increase in the magnitude of the surface potential from À32 mV to À70.8. Further increases in SDS concentration gradually enhance the surface potential to À92 mV at 5 cmc. This enhancement in zeta potential is caused by the hydrophilic ionic head group SO 4 À of the SDS molecules orientating itself towards the liquid phase whilst the hydrophobic tail orientates itself towards the gas phase. It should be noted that a typical surfactant micelle (e.g. SDS, CTAB) in water has a size of B1.75 nm and is made up of about 100 surfactant molecules. 51 Such micelles, when present, are too small to be detected by the NTA system and to affect nanobubble size and nanobubble count measurements. Thus, the measurements of nanobubble size distribution and number density are unaffected by the addition of surfactant at all concentrations (Fig. 7) . The addition of CTAB (cationic surfactant), however, brought about more complex changes in the nanobubble samples, as shown in Fig. 8 . On addition of small amounts of CTAB up to 0.5 cmc, the bubble number density drops sharply (from 7.618 Â 10 8 to 3.437 Â 10 8 bubble mL À1 ) whilst the mean bubble diameter increases sharply (from 121 to 146 nm). Above 0.5 cmc, both trends are reversed with bubble number density rising and mean diameter falling steeply levelling off at about 1 cmc. The magnitude of the zeta potential of the nanobubble suspension increases steadily from approximately À32 mV to +32 mV as the CTAB concentration is increased from 0 to 5 cmc. The change in sign occurs at the isoelectric point close to 0.5 cmc CTAB, where the bubble number density is minimum and the mean bubble diameter is maximum. Initially, the nanobubbles in pure water are negatively charged. Upon gradual addition of CTAB, the hydrophilic ionic head group terminated with CTA + adsorbs at the nanobubble interfaces and this, in turn, gradually neutralizes the negative charge of the nanobubbles, leading to a charge reversal at the isoelectric point.
In conclusion, an anionic surfactant increases the magnitude of the negative value of surface potential due to the adsorption of an anionic group. Thus, the stability of nanobubbles, improves with increased surfactant concentration, but there are no effects on the nanobubble number density or size distribution. The addition of a non-ionic surfactant produces no effects on the nanobubble size distribution, their number density or zeta potential. This is expected, however, to lead to steric stabilisation of the nanobubbles without affecting their surface charge. A cationic surfactant, on the other hand, gradually decreases the magnitude of the negative value of surface potential due to the adsorption of a cationic group, leading to a charge reversal at the interface of the nanobubbles as the concentration is increased. This initially would be expected to reduce the stability of the nanobubbles as the surface potential is gradually neutralised. However, the stability of nanobubbles is expected to improve again beyond the point at which the surface charge reversal occurs. As a result, complex effects on the nanobubble number density and size distribution ensue.
Effects of addition of mono-and multi-valent salts
As pointed out earlier, charged bulk nanobubbles in water should form an electric double layer owing to the presence of counter-ions (OH À ) and co-ions (H + ). From the theory of colloidal stability, the thickness of this double layer, the so-called Debye length (k À1 ), is given by:
where e 0 , z i , and c N are, respectively the permittivity of vacuum, salt valance and concentration of co-ions in the bulk. In pure water, the Debye length turns out to be 961 nm. 50 Clearly, from eqn (7), k À1 will not only decrease with the co-ion concentration but also with the valance of the salt. This leads to the so-called screening of the electric double layer. The effects of adding three salts of different valence, namely NaCl (monovalent), CaI 2 (divalent) and AlCl 3 (trivalent) to a bulk nanobubble suspension were investigated. Values of k À1 for nanobubble suspensions with these added salts were estimated using eqn (7) based on measured values of the surface potential. These values will be used in the calculation of electrostatic interaction potentials in the next section.
Results are presented for the three salts in Fig. 9-11 , in terms of bubble size distribution, bubble number density, mean bubble diameter and zeta potential. In all cases, the addition of a small amount of any salt leads to a sharp drop in bubble number density which is accompanied by a steep rise in mean bubble diameter. The magnitude of the negative zeta potential decreases considerably but stays negative in the case of NaCl, whereas it drops to zero in the case of CaI 2 , and changes to positive at the highest concentration in the case of AlCl 3 . Thus, divalent and trivalent salts have a much more dramatic impact on zeta potential than the monovalent salt. This is not surprising because, as expected from eqn (7), the electric double layer around the nanobubbles deteriorates (i.e. k À1 reduces) for a higher salt valence. Furthermore, the increase in the mean nanobubble diameter on addition of salt can be explained by eqn (5) . Due to the screening of the electric double layer caused by the co-ions, the external negative electrostatic pressure, as discussed above, decreases leading to a pressure imbalance across the nanobubble interfaces which then expand. Smaller nanobubbles would be expected to be completely neutralised and destabilised, thus, leading to the observed reduction in bubble number density. Thus, nanobubble stability in acidic medium is expected to be much less compared to an alkaline medium. Similarly, the presence of any salt is expected to reduce nanobubble stability, the effects being more pronounced for higher valence salts. However, surfactant addition introduces steric stability to the nanobubbles which is expected to improve their long-term stability. Colloidal stability could also be one of the reasons behind the longevity of bulk nanobubbles and this is discussed in terms of DLVO interaction potentials in the next section. The mean bubble diameter and surface potential measurements obtained in the above sections are used to estimate the electrostatic interaction potential of bulk nanobubbles.
DLVO potentials of nanobubble suspensions
Bulk nanobubbles suspended in water undergo Brownian motion and here we attempt to explain the colloidal stability of bulk nanobubbles based on the DLVO theory; this is different from their interfacial stability discussed above. For an air-water system, other non-DLVO forces such as solvation, structural, hydration and steric can be safely neglected. 50 Therefore, the total interaction potential (w T (D)) between nanobubbles, consisting of the van der Waals and electrostatic interaction potentials can be written as follows:
i.e.,
where w R (D), w A (D), R, D, and A are, respectively, the electrostatic potential, van der Waals potential, mean radius of the nanobubbles, the interspacing distance between nanobubbles and the Hamaker constant. The interaction constant (Z) is given by the following expression:
where c 0 is the surface potential. The Hamaker constant for an air-water system is estimated on the basis of Lifshitz theory and is given by:
where e 1 , e 2 , h, n e , n 1 and n 2 are permittivity of air and water, Planck constant, absorption frequency of water and refractive index of air and water. The values of these constants 46 are as ; n e = 3.0 Â 10 15 s
À1
; h = 6.626 Â 10 À34 J. Based on eqn (11), the estimated value of the Hamaker constant for bulk nanobubbles in pure water is 3.679 Â 10 À20 J. In this work, the mean diameter of the nanobubbles generated in pure water varies within the range 100-130 nm and, therefore, for DLVO interaction potential calculations the value of 120 nm (i.e., R = 60 nm) was assumed to be representative. The total interaction potential normalized by the microscopic kinetic energy of the molecules (k B T) is plotted as a function of the dimensionless interspacing distance (kD) to show the effects of pH (Fig. 12 ) and the effects of adding NaCl (Fig. 13 ).
As expected from the earlier zeta potential measurements, above pH 4 the energy barrier is positive and it varies approximately from 20k B T to 60k B T as the pH increases from 4 to 10 (Fig. 12) . Clearly, therefore, the DLVO theory predicts a stable colloidal system for bulk nanobubbles above pH 4. This is the reason why the number density of bulk nanobubbles drops sharply with a reduction in pH below the value of 4, as shown in Fig. 5(b) .
On addition of NaCl (monovalent), owing to the screening of the electric double layer, the electrostatic contribution to the total potential decreases and, hence, the energy barrier in the Fig. 11 Effects of addition of AlCl 3 (trivalent) on bulk nanobubbles initially generated in pure water. total interaction potential plot decreases (Fig. 13) . Beyond a certain critical concentration of NaCl (somewhere between 10-20 mM), the system becomes unstable. However, from eqn (9), it is clear that such a critical concentration for divalent (e.g. CaI 2 ) and trivalent (e.g. AlCl 3 ) salts will be much smaller. In conclusion, calculations based on the DLVO theory predict a stable colloidal system for bulk nanobubbles in pure water and this could be one of the reasons for their observed longevity. All in all, it seems therefore that in pure water the long-term stability of bulk nanobubbles is achieved through a combination of two factors: (i) the ion-stabilisation of their interface against dissolution; and (ii) their colloidal stability. From the above discussion, bulk nanobubbles are expected to be stable due to the presence of a surface charge which exerts an external electrostatic pressure to balance the internal Laplace pressure. The surface charge also contributes to the colloidal stability of the nanobubble suspension in terms of electrostatic potential. The experimental results discussed above, demonstrate for the first time that the ion-stabilised model provides a plausible explanation for the stability of isolated nanobubbles against dissolution, whereas the DLVO theory provides a good interpretation of the colloidal stability of a nanobubble suspension against aggregation.
Conclusions
Bulk nanobubble suspensions were generated in pure water using a microfluidic device. The setup used was characterised by extremely low cavitation numbers, leading to intense hydrodynamic cavitation and, hence, the formation of bulk nanobubbles in concentrations exceeding 10 9 bubble mL À1 . The effects of pH adjustment, addition of different types of surfactant and salt on the nanobubble suspensions were systematically studied. Results showed that bulk nanobubbles are much more stable in alkaline environments than acidic ones. The mean size of nanobubbles increases with a decrease in pH whereas the bubble number density decreases. The negative zeta potential of the suspension reduces in magnitude with decreasing pH, turning positive below the isoelectric point. The nanobubble interfaces in pure water being negatively charged, an electric double layer is formed around the nanobubbles due to the adsorption of OH À ions, akin to that observed around solid nanoparticles. We conjecture that the external electrostatic pressure created by the charged nanobubble interface balances the internal Laplace pressure and, therefore, no net diffusion of gas is expected at equilibrium. The addition of a non-ionic surfactant does not affect the nanobubble size distribution, number density or surface charge, but is expected to provide steric stabilisation to the suspension. An anionic surfactant does not affect the nanobubble number density or size distribution, but it is expected to enhance the stability of the nanobubbles by the so-called electro-steric stabilization mechanism as the surface charge increases with surfactant concentration. A cationic surfactant, on the other hand, gradually neutralises the surface potential leading to a charge reversal at the interface of the nanobubbles and, as a result, produces complex effects on the nanobubble number density and size distribution. This is expected to destabilise the suspension at low surfactant concentrations, but stability is restored at higher concentrations as the surface charge increases again beyond the point of charge reversal.
The addition of a small amount of any valence salt leads to a sharp drop in bubble number density which is accompanied by a steep rise in mean bubble diameter. The magnitude of the negative zeta potential decreases considerably but stays negative in the case of a monovalent salt, whereas it drops to zero in the case of divalent salt, and changes to positive at the highest concentration in the case of trivalent salt. The electric double layer around the nanobubbles deteriorates (i.e. the Debye length reduces) for higher salt valance. The addition of salt leads to screening of the electric double layer caused by the co-ions. As a result, the external negative electrostatic pressure decreases leading to a pressure imbalance across the interface of a nanobubble which then expands. Finally, calculations based on the DLVO theory predict a stable colloidal system for bulk nanobubbles in pure water and this could be a further reason behind their observed longevity.
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Appendix-A: derivation of eqn (3)
Consider a spherical nanobubble, as shown in Fig. 14 , of radius, R and surface charge, Q s under Brownian motion in the bulk of the liquid. The system of gas and liquid can be assumed to be in thermodynamic equilibrium at a certain fixed temperature and pressure. The presence of ions in the bulk liquid constitutes an electric double layer (EDL) and the adsorbed ions (assumed to be point charge) at the interface are expected to exert an external inward radial force due to Coulomb interactions. For a conservative force field like electric force, the force exerted due to the adsorbed ions can be written in terms of gradient of potential energy as follows:
Thus, the external electrostatic pressure acting in an opposite direction to the inner Laplace pressure (Fig. 14) , can be written as follows:
where U e and V are, respectively, the electrostatic component of Helmholtz free energy and volume of the ion cloud around the nanobubble. The standard expression for U e is written as follows: 
where Q(r) is the charge distribution. By using Leibniz's rule, the derivative @U e @R can be expressed in the form:
Finally, by combining eqn (A2) and (A4), eqn (3) above for the electrostatic pressure can be obtained as:
where s is the surface charge density (s = Q s 2 /4pR 2 ).
